INTRODUCTION
Foot-and-mouth disease (FMD) is a contagious viral disease of cloven-hoofed animals, including cattle, pigs, sheep and buffalo (Alexandersen & Mowat, 2005) . The disease can cause mortality in young stock, with high morbidity in adult animals, decreased productivity and failure to return to prime condition following infection. In addition, severe economic losses may be incurred due to sanctions against trade in livestock and animal products originating from infected regions. The aetiological agent, foot-and-mouth disease virus (FMDV), is a non-enveloped, RNA virus belonging to the genus Aphthovirus within the family Picornaviridae (Belsham, 2005) . The virus has a positivesense, ssRNA genome of about 8.3 kb, enclosed within a protein capsid. This capsid, ca.28 nm in diameter, is composed of 60 copies of four different structural polypeptides; the VP1, VP2 and VP3 proteins are surface exposed while VP4 is entirely internal. The coding sequence for the VP1 protein has been extensively used for molecular epidemiological studies (Beck & Strohmaier, 1987; Tosh et al., 2002; Knowles & Samuel, 2003; Knowles et al., 2005 Knowles et al., , 2009 . The VP1 protein is considered to be highly immunogenic but VP2 and VP3 also contribute to the antigenic properties of the virus (e.g. Thomas et al., 1988) . The VP1 protein also includes the RGDLXXL motif required for interaction with the integrin receptor molecules that bind FMDV (Fox et al., 1989; Jackson et al., 1997) .
The virus exists in seven distinct serotypes: O, A, C, Asia-1, SAT 1, SAT 2 and SAT 3 (Bachrach, 1968; Domingo et al., 2003) . Within the serotypes, multiple subtypes can also be identified that sometimes fail to induce total cross protection against other viruses of the same serotype. Genetic heterogeneity within FMDV may arise as a result of normal genetic drift (Dopazo et al., 1988) , due to selection pressure (Haydon et al., 2001; Tully & Fares, 2009) or as a result of recombination between different FMDV genomes (Carrillo et al., 2005; Jamal et al., 2011b) . Serotype A is considered to be the most diverse of the Eurasian serotypes both genetically and antigenically (Knowles & Samuel, 2003) and 26 regional genotypes within three continental topotypes have been identified globally (Mohapatra et al., 2011) . This high level of divergence makes it difficult to prevent the disease by vaccination (Kitching, 2005) . In addition, control of this disease is constantly challenged by the emergence of new virus strains.
FMD is endemic in large parts of Africa, Asia and South America. The virus can readily cross international boundaries and hence cause epidemics in previously free areas. In both Pakistan (Jamal et al., 2010) and Afghanistan (Schumann et al., 2008) , FMD is endemic and widespread; the serotypes O, A and Asia-1 are responsible for the disease outbreaks. In order to achieve better control of the disease in such countries, it is essential to monitor the circulating strains of the prevalent serotypes of FMDV in the field to ensure that the most appropriate vaccine strains are used. The genetic diversity of FMD type O and Asia-1 viruses circulating in Pakistan and Afghanistan between 1997 and 2009 has been extensively studied (Schumann et al., 2008; Waheed et al., 2011; Jamal et al., 2011a; Jamal et al., 2011b) . However, there is rather limited information about FMDV serotype A from Pakistan. Klein et al. (2007) analysed samples from the Landhi Dairy Colony, Karachi in 2006-2007 but this does not necessarily reflect the general situation in the country and Waheed et al. (2011) reported just a single case of a serotype A virus originating from Pakistan in 2007.
The present study has characterized the overall genetic diversity and geographical distribution of FMDV serotype A in Pakistan and Afghanistan. In this work, the complete nucleotide sequences of the VP1 (1D)-coding region for 69 type A strains plus the coding sequences for all four capsid proteins (the P1 region) for seven representative viruses have been determined. The viruses were obtained from clinical or subclinical cases of FMD in different areas of Pakistan and Afghanistan during [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] . The resulting sequences and those obtained from GenBank were compared and the rate of nucleotide change within the viruses belonging to the predominant A-Iran05 lineage circulating in this region was determined.
In addition, since the A22/Iraq FMDV vaccine is predicted not to protect well against A-Iran05 BAR-08 viruses (WRL-FMD, 2009 , 2010a , the amino acid differences between the capsid proteins of the A22/Iraq vaccine strain and the AIran05 BAR-08 viruses were identified. Non-conservative substitutions were mapped onto the known A22/Iraq capsid structure (Curry et al., 1996) and candidate amino acid substitutions that may explain this antigenic difference were determined.
RESULTS

Serotype A FMDV in Pakistan and Afghanistan
As described previously (Jamal et al., 2011a) , in an analysis using real-time RT-PCR assays on 157 oral swab and epithelial samples from within Pakistan and Afghanistan, some 135 were found positive for FMDV RNA. Of these, 119 were further analysed by sequencing the complete VP1-coding region and it was found that 69, 33 and 18 corresponded to serotypes A, O and Asia-1, respectively (with one sample containing both serotype A and Asia-1 FMDVs, i.e. a dual infection). Thus, serotype A was predominant. The samples positive for FMDV serotype A comprised 14 from suspect clinical cases (including the one sample which contained both serotypes A and Asia-1) plus eight from apparently healthy animals in Pakistan and 47 samples (42 from clinical cases and five from healthy animals) from Afghanistan.
Diversity within serotype A FMDV
Globally, FMDV serotype A exists in three geographically distinct topotypes called Asia, Africa and Europe-South 
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America (Euro-SA) (Knowles & Samuel, 2003) . Using sequence information from the samples collected in Pakistan and Afghanistan, phylogenetic trees were constructed for the VP1-coding region (639 nt) of these serotype A viruses, together with the sequences of other serotype A viruses from this region that were available in GenBank. Two different approaches were used and are shown in Fig. 1 plus the Supplementary Fig. S1 (available in JGV Online). These analyses showed that the FMDV type A viruses circulating in Pakistan and Afghanistan since 2002 belong to at least four lineages from two distinct genotypes (I and II) within the topotype Asia, based on the criterion of at least 7.5 % nucleotide difference in the VP1-coding region for a separate lineage and 15 % for a genotype (Vosloo et al., 1992; Mohapatra et al., 2002; Tosh et al., 2002) 
Diversity within the A-Iran05 lineage
Different sublineages within the A-Iran05 lineage were detected from samples originating from Pakistan and Afghanistan (Fig. 1) . The dominant sublineages are currently A-Iran05 AFG-07 and A-Iran05 BAR-08 , which have both been found previously within the Middle-East (Knowles et al., 2009 (Knowles et al., , 2010 . The A-Iran05 AFG-07 sublineage was detected in apparently healthy animals as well as in suspect clinical cases of FMD in Pakistan and Afghanistan. Some viruses belonging to this sublineage originated from different locations but still showed 100 % identity in the VP1-coding region (see Fig. 1 and AFG-07 sublineage circulating in eastern Pakistan (Punjab) had 99.7 % identity in the VP1 sequence with a virus circulating in the north-western (Takhar) province of Afghanistan. However, in contrast, diversity was also noted within the viruses circulating in a single area. Both AIran05 AFG-07 and A-Iran05 BAR-08 sublineages were detected in Kabul and Sindh provinces of Afghanistan and Pakistan. Viruses belonging to two different sublineages were also found co-circulating in Badakhshan province of Afghanistan. It should be noted that viruses belonging to the A-Iran05 ARD-07 sublineage (Knowles et al., 2009) , which have been detected in Turkey since 2007, have not, so far, been reported anywhere else.
In order to determine the influence of selection on the evolution of type A FMDVs, we estimated the pattern of nucleotide substitutions in terms of the difference in the number of non-synonymous (Ka) and synonymous substitutions (Ks). The viruses are said to be under positive selection if the Ka value is significantly greater than Ks (Ka .Ks). The converse scenario, where the Ka value is significantly lower than Ks (Ka ,Ks) is indicative of negative or purifying selection. The smaller the value of Ka S. M. Jamal and others compared with Ks, the larger the number of eliminated substitutions (Balding et al., 2007) . The difference (Ka2Ks) between non-synonymous and synonymous substitutions was calculated (for all 157 sequences used in these analyses) to be 20.249 (SE50.016), which indicates that purifying selection (or negative selection) acted on the VP1-coding sequences of serotype A FMDVs (Balding et al., 2007) . Furthermore, when the same analysis was performed on just the viruses (107 sequences) within the A-Iran05 lineage, the calculated Ka2Ks difference was 20.107 (SE50.014), thus negative selection was also found to be acting on the A-Iran05 lineage.
From among the 69 samples for which VP1 sequences were generated, seven samples (representing the multiple, distinct, sublineages within the A-Iran05 lineage and the new A-Pak09 lineage) were further analysed to obtain the coding sequences for all four capsid proteins (P1 region). The midpoint phylogenetic neighbour-joining tree showing the relationship between the P1 nucleotide sequences from these and other viruses from the GenBank database is shown in Fig. 2 . The P1 sequences grouped the viruses in the same way as did the VP1 sequences. Thus there was no evidence for any recombination events within these viruses within this region of the genome. Fig. 3 ). Neither the host species from which the virus was collected nor the country of origin had a significant effect (P.0.05) on the calculated rate of nucleotide substitution. In addition, the rate of evolution was also determined using BEAST and the result was 1.25610 22 (95 % highest posterior density59.96610 23 to 1.53610
22
) substitutions per nucleotide per year, thus there was no significant difference between the rates ascertained using the two different approaches.
Comparison of VP1 amino acid sequences
The amino acid sequences deduced from the VP1-coding sequences were compared to investigate the consequences of the observed genetic divergence between the FMDV strains. The presence of residues A45, F65, E83 and N/D99 (Fig. 4) were found to be distinctive characteristics of all the viruses belonging to the A-Iran05 BAR-08 sublineage which were analysed. Residue A40 was found to be conserved in the A-Iran05 ARD-07 sublineage, whereas all the other viruses contained V at this position. Residue R135 was found to be conserved in all the viruses belonging to the A-Iran05 AFG-07 sublineage originating from Pakistan and Afghanistan while the other viruses had K135 except for three others which were separate from the sublineage A-Iran05 AFG-07 viruses but also had R135. The residue Q168 was also found to be conserved in all the Fig. 2 . Mid-point neighbour-joining phylogenetic tree generated using the nucleotide-coding sequences (nt52211) for all four capsid proteins (VP4, VP2, VP3 and VP1, the P1 region) of FMDV serotype A (viruses marked with circles and triangles originated from Pakistan and Afghanistan, respectively). Abbreviations as in Fig. 1 . Bar, 0.02 nucleotide substitutions per site.
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AFG-07 viruses except in four which had R168. 
Comparison between A22/Iraq/64 vaccine and the A-Iran05 lineage
Vaccines based on the A22/Iraq/64 strain are not expected to protect efficiently against viruses belonging to the AIran05 lineage especially the A-Iran05 BAR-08 sublineage (WRL-FMD, 2009 , 2010a , this is based on the r1 value determination. To examine why, the deduced amino acid sequences of the entire capsid-coding region of the six selected A-Iran05 viruses [plus a single example of a new lineage (A-Pak09) of serotype A] were compared with that of the vaccine strain (A22/Iraq/64) plus earlier A-Iran05 viruses from Pakistan. The deduced amino acid residues of VP4 (which do not contribute to the virus antigenicity) were found to be completely conserved in all the nine samples from Pakistan, Afghanistan and one sample from Iran (A/IRN05). However, multiple amino acid differences were noted between these viruses and the A22/Iraq vaccine strain in the VP1, VP2 and VP3 sequences (see Table 2 ). These differences do not correspond well to the residues identified in type A10 FMDV as being involved in escape from neutralization by mAbs (see Thomas et al., 1988) . It is noteworthy that residue L45 in VP1 of the A22 vaccine strain is changed, quite conservatively, to V45 in most strains of A-Iran05 but was identified, in the A-Iran05 BAR-08 sublineage, as A45 which is a much smaller residue. The residue L65 in VP1 of the A22/Iraq virus is conserved in many strains within the A-Iran05 lineage but has changed to F65 in the A-Iran05 BAR-08 sublineage, this substitutes a hydrophobic branched-chain amino acid residue with an aromatic one. Furthermore, residue E59 in VP3 of A22/ Iraq is changed to D59 in many strains of A-Iran05 (the side chains of D and E are both acidic and hence negatively charged at neutral pH); however, in the A-Iran05 sublineage this residue is N59, which lacks this negative charge. Mapping of these three residues onto the known structure of the A22/Iraq virus (Curry et al., 1996) is shown in Fig. 5 . It is apparent that both residue 45 within VP1 and residue 59 of VP3 are clearly surface exposed, while residue 65 within VP1 is buried but the substitution at this position may still disrupt the surface structure (Fig. 5a-c) . Thus residues 45 of VP1 and 59 of VP3, in particular, are strong candidates for substitutions that can explain the inability of antisera raised against A22/Iraq vaccine to neutralize efficiently the A-Iran05 BAR-08 strains. However, it is possible that other residues (see Table 2 and Fig. 5d ) may also contribute to the difference in antigenic properties between the A22/Iraq vaccine and the AIran05 BAR-08 viruses.
DISCUSSION
FMD is widespread in Pakistan and Afghanistan and earlier studies showed that FMDV serotype O was the predominant serotype (Rweyemamu et al., 2008; Schumann et al., 2008; Jamal et al., 2010 
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Journal of General Virology 92 has not been found in samples from Egypt (Knowles et al., 2007 (Knowles et al., , 2009 . No eastward dissemination into adjoining parts of India has been reported (Mohapatra et al., 2011 ). The present study shows that the A-Iran05 lineage is still in circulation in Pakistan and Afghanistan and has evolved into various sublineages, i.e. A-Iran05 AFG-07 , AIran05 BAR-08 and some newly detected sublineages termed here A-Iran-05 and A-Iran05 BAD-09 . The sublineage A-Iran05 AFG-07 was initially detected in 2007 in Afghanistan and continues to be responsible for outbreaks in both Pakistan and Afghanistan. The occurrence of closely related viruses in these two countries may be attributed to the uncontrolled and extensive movement of animals across the border. Moreover, the co-circulation of more than one (sub)lineage of both serotype O (Jamal et al., 2011a) and serotype A FMDVs in the same area shows the very complex epidemiological situation of the disease in the region. Although A-Iran05 BAR-08 was initially detected by the World Reference Laboratory for Foot-and-Mouth Disease (WRL-FMD) in a sample from Bahrain collected from a suspected case of FMD on 24 November 2008 (Knowles et al., 2010) , we detected this sublineage in an oral swab sample collected 
on 23 July 2008 from an apparently healthy animal in a live animal market in Kabul, Afghanistan. Thus, this is probably the earliest documented detection of this sublineage. All the samples, except one, which contained this sublineage, were collected from clinically healthy animals. Thus the present study suggests that this sublineage was mainly responsible for subclinical disease (while it is clearly possible to detect virus prior to clinical disease it is unlikely that this applies to all the samples obtained). Some of the apparently healthy animals that were shown to have this sublineage were reportedly vaccinated earlier with an imported vaccine based on A22/Iraq. However, since this vaccine strain may not protect efficiently against the A-Iran05 BAR-08 sublineage (WRL-FMD, 2009 , 2010a then its use may result in subclinical infections due to partial protection.
Selective pressure, driving the evolution of FMDV, has been evaluated previously: for example Tully & Fares (2007) suggested that positive selection governed the evolution of major antigenic regions of the VP1-coding region of serotypes O, A, Asia-1, SAT 1 and SAT 2 but not for serotypes C or SAT 3. Lewis-Rogers et al. (2008) reported that 29 % of the residues in the capsid proteins were under positive selection. In contrast, Cooke & Westover (2008), Bar08 and the A22/Iraq vaccine strain on the structure of the vaccine virus. The locations of residues L45 and L65 in VP1 and residue E59 in VP3 are indicated in a pentamer (a) and a protomer (b, c) of the A22/Iraq structure (Curry et al., 1996) . In (c), a cross-sectional view is shown to reveal the surface exposure of the marked residues. In (d), all the capsid residues that differ between the A22/Iraq vaccine and the A-Iran05 Bar08 sublineage are marked on a pentamer plus three adjacent protomers (to show the relationship between changes in adjacent capsid proteins) of the A22/Iraq vaccine structure. In each panel VP1 is in blue, VP2 is in green, VP3 is in red and VP4 (entirely internal) is in yellow. Images were generated using PyMol (Delano, 2002) . Balinda et al. (2010) , Sangula et al. (2010a) and Yoon et al. (2011) reported that FMDVs were under strong purifying (negative) selection. Our results also indicate that evolution of type A FMDVs (and of the A-Iran05 lineage) is driven by strong purifying selection. This may contribute to the rapid appearance and subsequent disappearance of variants within the A-Iran05 lineage.
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The integrin receptor binding motif, RGDLXXL, was highly conserved in the serotype A viruses examined here. (Fox et al., 1989; Jackson et al., 1997) , the virus can also infect cells in an RGD-independent manner by using alternative pathways (Mason et al., 1993 (Mason et al., , 1994 Fry et al., 2005) .
Amino acids that are important for the antigenicity of the virus have been identified at positions 148, 149, 152, 153, 168 and 205 within VP1 for FMDV serotype A10 and A22 mAb escape mutants (Thomas et al., 1988; Bolwell et al., 1989) . However, amino acids at positions 148 (G), 152 (A), 153 (R) and 205 (I) were found to be conserved between all the serotype A viruses from Pakistan and Afghanistan and the reference vaccine strain, A22/Iraq/64. The amino acid residue at position 149 in VP1 was variable (see Fig. 4 ). The majority of the viruses (44 out of 52) belonging to the AIran05 AFG-07 sublineage contain P at this position, as does A22/Iraq, while seven viruses have S149 and one L149. However, the viruses belonging to the A-Iran05 BAR-08 and AIran05 ARD-07 sublineages contain S149. The A22/Iraq strain has Q168 as do the majority of the viruses belonging to the A-Iran05 AFG-07 sublineage (48 out of 52), together with the viruses circulating in 2004 in Afghanistan and the new lineage detected in Pakistan. However, all the remaining viruses in other sublineages from Pakistan and Afghanistan contain R at this position. Amino acid substitutions at positions 80, 82 and 88 within VP2 have also been attributed to the escape from neutralization by mAbs, in these cases it is believed they affect the conformation or orientation of the VP1 G-H loop (Thomas et al., 1988; Bolwell et al., 1992; Curry et al., 1996) . However, these sites were found to be conserved between the current viruses and A22/Iraq, despite the fact that the A22/Iraq vaccine is antigenically distinct from the A-Iran05 BAR-08 strains and is not expected to protect efficiently against these viruses (WRL-FMD, 2009 , 2010a . Thomas et al. (1988) found antigenic mutants with substitutions within VP3, but these residues were conserved between A-Iran05 and the A22/Iraq viruses. Comparison of the amino acid differences in the surface exposed capsid proteins (VP1, VP2 and VP3, see Table 2 ) identified many different substitutions between the A22/Iraq vaccine and members of the A-Iran05 lineage; however, certain substitutions were unique to the A-Iran05 BAR08 sublineage. In particular, three of the differences were quite non-conservative in nature (see above) and when mapped onto the known structure of the A22/Iraq virus it was apparent that the substitutions at positions 45 of VP1 and 59 in VP3 modified highly surface exposed residues and thus represent strong candidates to explain the change in virus antigenicity (Fig. 5) . In addition, other residues, particularly residue 65 within VP1, may also contribute. Proof of these suggestions will require specific modification of the virus at these positions.
The rate of evolution for different serotypes of FMDV has been determined previously: for example Villaverde et al. (1991) 23 for SAT 2 in subSaharan Africa (Bastos et al., 2003) . However, the higher rate of evolution reported by Gebauer et al. (1988) (0.9-7.4610 22 substitutions per nucleotide per year) within persistently infected cattle infected with serotype C is closer to the rate of change (~1.2610 22 substitutions per nucleotide per year) determined here for the A-Iran05 lineage in Pakistan and Afghanistan. The high evolutionary rate calculated for the A-Iran05 lineage is consistent with the existence of various genetic variants reported for this lineage and suggests that new sublineages (with .5 % sequence difference) will evolve within a period of about 3 years.
CONCLUSIONS
It is apparent that multiple lineages and sublineages of serotype A FMDV circulate in Pakistan and Afghanistan. Detection of new sublineages within the A-Iran05 lineage and the high rate of nucleotide substitution within this lineage show that these viruses are evolving rapidly. Mapping of the amino acid differences between the capsid proteins of the A22/Iraq vaccine strain and the AIran05 BAR-08 viruses onto the known structure of the vaccine strain indicated that non-conservative substitutions in highly exposed residues of VP1 and VP3 are strong candidates to explain the difference in antigenicity between the A22/Iraq vaccine and the A-Iran05
BAR-08 viruses. The Jamal et al. (2011a) . The oral swab samples were preserved in RNeasy Lysis (RLT) buffer (Qiagen) and epithelial tissues were transferred to RNAlater (Ambion) prior to transportation to DTU Vet, Lindholm, Denmark. Locations from which the samples included in this work were obtained are shown in Table 1 . The samples were named according to the serotype, followed by province, followed by a threeletter country code (i.e. PAK for Pakistan or AFG for Afghanistan), followed by L (for Lindholm) and laboratory record number, followed by the year of sampling (e.g. A/SIN/PAK/L4/2008).
Sample preparation, RNA extraction, RT-PCR and sequencing.
Details of sample preparation, RNA extraction, RT-PCR and sequencing of the VP1-coding region have been described previously (Jamal et al., 2011a) . The VP1-coding sequences (639 nt) were determined for three serotype A FMD viruses rescued from RNA isolated from clinical samples (as described by Belsham et al., 2011) . The P1-coding sequences (2211 nt) were obtained by generating some four separate overlapping RT-PCR products, which were then sequenced in both directions and the data were assembled using SeqMan Pro. The primers used to amplify and sequence the capsidcoding region are shown in Supplementary Table S1 (available in JGV Online). The sequences determined in this study have been submitted to the EMBL/GenBank/DDBJ databases; accession numbers are listed in Table 1 . Nucleotide sequence data for the VP1-and P1-coding region from other FMDVs that originated in Pakistan, Afghanistan and other countries were obtained from the GenBank database (www. ncbi.nlm.nih.gov).
Genome sequence analysis. Sequence analyses were performed essentially as described previously (Jamal et al., 2011a) . Briefly, the VP1-coding sequence comparisons were performed using BLAST (www.ncbi.nlm.nih.gov/blast) to identify the serotype of the virus. Phylogenetic analyses were conducted separately for the VP1-and P1-coding sequences using MEGA version 4 (Tamura et al., 2007) . The sequence data were aligned and mid-point rooted trees were constructed. The phylogenetic trees were constructed using the neighbour-joining method (Saitou & Nei, 1987) and the robustness of the tree topology was assessed with 1000 bootstrap replicates (Felsenstein, 1985) . The evolutionary distances for nucleotide sequences were computed using the Kimura two-parameter method (Kimura, 1980) . A phylogenetic tree was also constructed using the SRD06 model by applying the Bayesian Markov Chain Monte Carlo (MCMC) approach, implemented in BEAST package version 1.6.1 (Drummond & Rambaut, 2007) . The dataset was run for 20 000 000 generations with discarded burn-in of 10 %. A maximum clade credibility tree was obtained using TreeAnnonator implemented in BEAST package and visualized with FigTree version 1.3.1 (http://tree. bio.ed.ac.uk/software/figtree/).
In order to evaluate the selective pressure driving FMDV evolution, the difference in number of non-synonymous and synonymous substitutions per site was determined by pair-wise analysis of the complete VP1-coding sequences. Analyses were conducted using the Nei-Gojobori method (Nei & Gojobori, 1986) implemented in MEGA version 4.
The nucleotide sequences were converted into deduced amino acid sequences and aligned using MEGA version 4 also.
The rate of evolution of the A-Iran05 lineage FMDVs circulating in Pakistan and Afghanistan (as substitutions per nucleotide per year), was calculated by linear regression analysis of the genetic distances of the viruses (VP1-coding region) from the oldest virus, belonging to the same lineage, from this region. The roles of host species (cattle and buffaloes) and source country (Pakistan or Afghanistan) on the rate of nucleotide substitutions were ascertained using multivariate linear regression analysis. The rate of evolution was also determined using BEAST version 1.6.1 package (Drummond & Rambaut, 2007) .
Molecular graphics. Molecular graphic figures were prepared from the coordinates of the crystal structure of the A22/Iraq capsid (Curry et al., 1996) using PyMOL (Delano, 2002) .
